V t The cerebral and cerebellar pia mater and arachnoid of 90 adults and 15 fetuses have been studied in order to determine whether the number of arachnoidal neural elements is sufficiently high to dismiss the possibility of their being purely heterotopic or displaced structures. With the aid of various histological techniques and formaldehyde (noradrenaline)-induced fluorescence, the presence of a reticulum composed of many short adrenergic neurons was demonstrated, intimately associated with the sympathetic perivascular innervation. Although this network seems to participate in some aspects of peripheral neuroendocrine function, its possible role in physiologically or pathologically regulating cerebral blood flow is as yet unsettled.
I
r~ 1900, Hunter 14 described several "small neurons" and perivascular fibers that he had identified in the meningeal network. Later, other authors demonstrated the existence in the meninges of small round cells, together with polymorphic ganglionic cells with a great number of cytoplasmic extensions. 2,12,a~ Hagen 1~ described several neural elements with elongated cell bodies, oval nuclei, and numerous cytoplasmic prolongations in continuity with the neural plexuses. Sato and Suzuki 34 drew an anatomical map of the perivascular innervation in the human meninges, and added new data to those presented in previous studies carried out with electron microscopy. 4,5,1o,11,15,16,25,33,35, 36 Traditional histochemical techniques have also shown the presence of a double neural plexus composed of adrenergic and cholinergic perivascular fibers in the circle of Willis and in the cerebral hemispheres. 3, 6 ,s'9'lT'ls'21 '22,26-28 No study has yet clearly demonstrated adrenergic or cholinergic meningeal neurons in the vascular adventitia or in the vicinity of the blood vessels, although Licata, et al., m using cholinesterase techniques, found several neuron-like elements in the anterior fossa of the rat.
In general, descriptions of human meningeal neurons associated with perivascular neural plexuses are scarce. The purpose of this study was to determine whether the number, localization, and structure of meningeal neural elements suggest that these entities should be considered autonomous, with significant roles in the regulation of cerebral blood flow, rather than isolated heterotopic structures or histological artifacts.
Materials and Methods
The study included autopsy material from 90 individuals of both sexes, ranging in age from 5 to 50 years, none of whom had disease of the central nervous system. From 30 minutes to 4 hours after death, multiple fragments of the pia mater and arachnoid, 1 to 2 sq cm in size, were taken from the cerebral hemispheres, base of the brain, cerebellar hemispheres, and brain stem. The fragments were placed in physiological solution and directly treated with the In all cases, numerous paraffin-fixed sections of cerebral parenchyma with accompanying meninges were also prepared and stained with H & E, cresyl violet, myelin (Spielmeyer), or Masson's trichrome. In addition, 15 human embryos and fetuses of both sexes, with crown-to-rump lengths ranging from 18 to 55 mm, that had previously been fixed in Bouin's solution, were studied with the same histological techniques. The area from the rhombencephalon to the prosencephalon was examined for the possible presence of neural elements in the subarachnoid space.
To measure the endogenous noradrenaline content in the meninges of three individuals, these tissues were blotted, weighed, and homogenized in 1 ml of 0.1 N perchloric acid. The homogenates were centrifuged at 12,000 G for 15 minutes, and the noradrenaline content of the supernatant was estimated according to the sensitive radioenzymatic assay of Henry, et al.la The results were expressed as micrograms per gram (/ttg/ gm) of wet tissue.
Results
In the paraffin-fixed histological preparations of sections containing cerebral cortex, pia mater, and arachnoid of both adults and fetuses, neurons were quite frequently observed in the subarachnoid space, especially in the area of blood vessels in the cerebral hemispheres. These neurons were identified on staining with H & E and cresyl violet. They showed finely distributed Nissl bodies throughout the cytoplasm, at times accumulating in clusters. The cell nuclei were light in color, with a deeply stained central nucleolus. The neurons of the subarachnoid space were round or pyramidal in shape, 20 to 30/~ in diameter, with dendrites whose course could be followed only for a short distance. In adults, the neurons appeared as small, medium-sized, or large pyramidal cells, but in younger subjects they were round, resembling cells found in the sensory ganglia ( Fig. 1) .
When a fragment of an unfixed arachnoid section was directly stained with Ehrlich's methylene blue, several 10-to 12-/t, round-bodies neurons, with a round nucleus rich in chromatin and a central nucleolus, could be observed in the vicinity of arteries and veins. The two extensions emerged from the cell body in opposite directions and terminated in small granules or dilations on the vascular adventitia ( these cells showed a more triangular or polygonal shape, similar to that of motor neurons. These neurons possessed long unmyelinated fibers that spread across the intervascular surface in all directions (Fig. 3) . In cases where 3 to 4 hours had elapsed after death, these prolongations were fragmented and interrupted. Many of these fibers, some of which could occasionally be seen to have elongated fusiform dilations, ran their course in groups forming cables. Some fibers broke off from the cable to cross over and form anastomoses with other fibers of another cable, creating a dense network. Some other fibers left a terminal cable and reached a part of the surface of arachnoidal cells, forming a small coiled ball 15 to 20 g wide, which resulted in a filiform termination that was usually branched.
Another type of neuron that could be seen in the subarachnoid space of all tissue studied had a round body, 12 to 15 # in diameter. Its round nucleus was poor in chromatin and it had a centrally placed, highly dense nucleolus (Fig. 4) . Other large ceils, 20 g in diameter, were pyramidal in form, with several wide dentrites which ramified at a certain distance from the cell body. From another part of the cell body emerged a thin axon with so many ramifications that it was impossible to follow its course. These prolongations, dentrites, and axons were arranged in a parallel fashion on the cellular surface of the arachnoid or pia mater. Sometimes Remak cells could be seen located around the axons, but generally they appeared freely in the subarachnoid space.
By means of formaldehyde vapor-induced autofluorescence, we were able to observe lying along the adventitia of small and medium-sized vessels, especially arterioles, clusters of polygonal or elongated cells whose cytoplasm was replete with yellow-green fluorescent granules. Between the cell bodies, and continuing with their prolongations, emerged a t'me reticular network of granules which was strongly fluorescent. In some areas, the cells were found in small groups, and did not show fluorescent prolongations or adrenergic perivascular nerve endings. The cell nuclei were round or oval and centrally placed, and appeared not to be fluorescent (Fig. 5) . In some cases, the adrenergic reticulum appeared to be formed solely by cell bodies and a small number of unanastomosed fluorescent prolongations. The meningeal intervascu- lar background presented a fine or rough yellow-green granulated fluorescence that sometimes formed dense aggregates. In control studies with ultraviolet light but without formaldehyde vapor, this yellow-green fluorescence was absent. It was possible to conclude that after a greater time interval between the death of the individual and the fluorescent study, a smaller number of adrenergic granules would be visible, producing a more diffuse and finer fluorescence in perivascular as well as intervascular locations. If only 4 hours elapsed after the death of the individual, an intense perivascular fluorescence is evident, in the cell as well as in the reticulum.
In all studies of the fetal arachnoid, round, sometimes binucleated, cells filled with fine Nissl bodies were observed. The nucleus was round and poor in chromatin, with a centrally placed dense nucleolus. These cells tended to concentrate around the brain stem, especially in its ventral portion. It was interesting to note that the neurons of the arachnoid were very round and appeared to be in a much more advanced stage of maturation than surrounding neurons of the prosencephalon and spinal cord. Morphologically, they bore a striking resemblance to the neurons of the sensory and autonomic ganglia ( of 10 to 20 cells could be observed. These cells were sometimes found in the vicinity of blood vessels. They were very small, possessed a small nucleus with a central dense nucleolus, and morphologically appeared very similar to cells found in the superior cervical ganglion (Fig. 7) .
The average noradrenaline content in three human meninges was 0.37 _ 0.1 ~tg/gm (SEM). This finding shows the existence of this amine in these tissues and confirms the results obtained with the histochemical methods.
Discussion
Although many studies of meningeal perivascular nerve endings and reticula have been reported in the neurological literature, detailed findings concerning the existence and localization of such structures are rather scarce. An exception is the description of"ganglionic masses" by St6hr a7-39 based on studies using traditional techniques. By means of cholinesterase Fit. 7. Photomicrograph of the upper portion of a human fetal spinal cord. In the subarachnoid space, close to a sensory root and to a small vessel, there is a neuronal cluster (arrow) morphologically similar to the cells of the superior ganglion. In the right lower field is the sensory ganglion with larger neuronal bodies. H & E, • 160. techniques only, the presence of "ganglionic masses" in the anterior cranial fossa of the rat has been demonstrated. 19 It is believed that the arachnoidal perivascular adrenergic reticulum is formed by neural prolongations coming from the superior cervical ganglion along the pericarotid and perivertebral nerves. In addition, cholinergic fibers most probably stem from the third, fifth, ninth and tenth cranial nerves. 29 ' 38 In neither of these two studies was the presence of adrenergic or cholinergic neurons demonstrated in the vicinity of the vessels.
Studies of subarachnoid neurons in fetuses, children, and adults, using paraffin as well as teased preparations, have shown that a great number of them are not displaced elements or histological artifacts, but are rather constant in their number and localization. In adult specimens, some subarachnoidal neu-rons greatly resemble cortical pyramidal cells, their dendrites and axons suggesting a possible origin in the molecular layer of the cortex. In fact, they could be the so-called "marginal piriform cells" or triangular cells that are usually localized most peripherally in the molecular layer. 3~
In fetal studies, identifiable neurons showed a very early maturation, similar to that of cells found in sensory ganglia. The fact that small groups of autonomic neurons are found in the rhombencephalon, in an area with intense vascularity in its caudal portion, 32 strongly supports the possibility that these elements may play an important role in regulating blood flow during cerebral maturation.
The number of cells rich in granules that emit a specific adrenergic fluorescence is high, and contrasts with the smaller number of neurons found by other techniques as described by other authors. 37-39 We believe that the cellular elements rich in adrenergic granules are poor in neurotubules, neurofilaments, and Nissl bodies, which are the necessary substrates for such traditional techniques of identifying central and peripheral neurons such as silver impregnation and cresyl violet.
With Ehrlich's methylene blue stain, the most outstanding neural structures are round bipolar cells whose prolongations come to rest on the adventitia of arterial vessels. Morphologically, they are strikingly similar to cells, described by Stfhr, 3s in human meninges, and functionally could be adrenergic elements. The continuity of the prolongations with the adrenergic reticulum seems to indicate that they are intimately related with perivascular adrenergic innervation. Some blood vessels appear to be more independent of this reticulum than others. The sympathetic postganglionic neurons can be classified into two groups according to the length of the axons: the ordinary "long" neurons which form the adrenergic reticulum, and the "short" adrenergic neurons. Anatomically, the cell bodies of the short adrenergic neurons referred to in this study are situated in the vicinity of their target organs and could be similar to those described in other organs by Owman, et al., 23 and Partanen and Hervonen. 24 These subarachnoidal cells could take part in the peripheral perivascular neuroendocrine mechanism.
On the whole, the findings obtained by fluorescent monoamine staining are similar to those described by Nielsen and Owman, 22 although these authors have not demonstrated the presence of cells with adrenergic granules. Teased preparations gave a more complete picture of adrenergic innervation apparatus. Adrenergic reticulum and cells with adrenergic granules are frequently found in meningeal arterioles measuring 100 to 120/~ or less in diameter. In our studies, the smallest meningeal arterioles possessed a rich adrenergic reticulum, contrary to the findings of Sato and Suzuki, 34 who found innervation in larger arteries more frequently than in smaller ones. The presence of noradrenaline in human meninges biochemically confirms the results obtained with the histochemical methods.
We do not know whether these adrenergic subarachnoidal neurons are autonomous or influenced by the locus coeruleus. However, they seem to be partially influenced by the cervical sympathetic chain. This has been shown by experiments on cats, in which after excision of both superior cervical ganglia the histofluorescence of these neurons was initially reduced; thereafter the neurons recuperated, but they never disappeared (unpublished results). The function of these neurons is not known; perhaps they have little importance in normal situations. Nevertheless, when the adrenergic innervation of brain arteries is lost, as, for instance, in superior cervical ganglionectomy or in subarachnoid hemorrhage (SAH), these short-axon neurons might assist in a quicker recovery of adrenergic tone. Gangliectomy produces an increase in cerebral blood flow, which returns to normal values 15 days after surgical denervation, 1 and SAH induces a transient reduction in the noradrenaline content of pial arteries# which also returns to control values 15 days later.
